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FOREWORD

This report {is the Final Technical Report for Contract NO0140-79-C-6565,
Amendment P0O0003 . This feasibility study was sponsored by the Naval
Air Development Center (NADC), Warminster, Pennsylvania, and was admin-
istered by the Naval Underwater Systems Center, Newport, Rhode Island
(Mr. Richard H. Nadolink, IPUV Program Manager), through an {interagency
agreement with NADC. This <contractual effort was performed between
January 1980 and April 1980. The NADC Program Monitors were Mr. Samual
Greenhalgh and Mr. John A. Eney of the Lighter-Than-Air Systems Tech-
nology Off{ce; the Program Manager for Dynam1ts Technology was Wayne W.
Haigh. This Final Report completes <the data requirements of the
contract.

' | oAetunntog Map
bt el 1
[ ..

t - |

R e L W .
Lo A b i oy o

Ty e
e,




NADC-80144-60

TABLE OF CONTENTS

PAGE
FoREwoRD.OQ.I..D.C'.O.Illlll.......‘.0.‘.......O.l.'l..l!.l!lllll.ll 11
TABLE OF coNTENTS'..lll.l.lllllll..l.OOI.Il...‘O.I.O.....I..ll‘l..ll 111
LIST OF FIGURES..0...‘llll..ll..li....l.ll.l..OQCQODOOOOIOIIOIIIIIOD 1v
LIST OF TABLES..O..!O..IIl'.lll!llll.ll‘.l..b‘....0.0.00!..0..0!.'!! V
I ll INTRODUCTIONQ.IID.Ol.....‘!llll.l...l...»llll.......l.t'.l.ll..! l
! 2. DESIGN CONDITIONS FOR AN OPERATIONAL LTA VEHICLE................ 3
i ) 3. LAMINAR FLOW LTA VEHICLE DESIGN.¢avecesroasonsvassoncnsvassnnnes 7
|
| 4. BOUNDARY-LAYER ANALYSIS INCLUDING SOLAR RADIATION:sesssvssteness 12
l 5l LTA VEHICLE DRAG ESTIMATESOcoo.coonlocoo.--ltullluialoolocalluoc 19
i 5.1 HU11 Drag Est1matES.o.o||...l!luclluu..ooontloo!oo.oOOQOIOO 19
l 5!2 an Drag Estimates.uloobtt.ooun.cnlooonnoouun..nnnnnnou-.oo 22

503 Gondo1a Drag Est1mates’OOIOOIOQClIIOOIlllllu.o.'.l.ll‘l.l.. 24
5.4 Interference and Support Wire Drag Estimates..cvieevesesses 27
5.5 Total Drag Estimates for the LTA Vehicle.isivsssevrsaannsses 28
6l VE}'{ICLE DEsIGN CONSIDERATIONSOl'lll‘.“....lll..il..l‘l‘llll.l‘l 30

7l SUMMARY ANQ RECOMMENDATIONS-Ioosoo‘loloi..cobﬁc‘uooovotol--lllll 34

8l REFERENCES.OI.t.'.‘llllll‘lll.ll.l..!l.ll...l!l...l.'!.llllllll. 36
APPENDIX A. MIXED FLOW DRAG ANALYSIS METHOD¢soeieveovessocanoensses Al :2




NADC-80144~60

T B b et e T B ezl

LIST OF FIGURES

ezt o

FIGURE PAGE

1. Wind Speed/Frequency Distributions .c- Two Locations
and A1t1tudes.lll...l..llll....l..‘.d.ll‘lll.l‘...l..l..l.l... 4

2. Unit Reynolds Number as a Function of Vehicle Speed
and A1t1tudel'0.!"‘."“'.'.'I.O.ll'll‘.lll.l.l.lll.l...lll.l 5

3. Geometry and Pressure Distribution of the Selected .
LTA vehic‘eolllillitllill.c‘IOl‘Ol..lllll..lll.l.l.l‘.t.l.o... 8 '

4. Boundary-Layer Stability Results for the Selected
LTA Veh1c1e at Adiabatic Cond‘tionsoilotQIllllililllllllilllttA 10

5. Equilibrium Surface Temperature Distribution for the
LTA Veh1c1eololtlilitlllll.!l.lllll..IIIO..lllllli.ll!lll‘cuol 15

6. Boundary-Layer Shape Factor Variation for the LTA Vehicle f
Including Effects of Solar Radiationceceveissesensseresseneeres 16

7. End View Schematic of Vehicle Showing Turbulent and Laminar
F]ow Regions.llO..o........0.0Q.Iil‘.ll..l..ll‘ll...l.‘l....‘l 18

8. Schematic of-the Vehicle Showing Geometry of Turbulent Flow... 21
9. Control Fin Configurations for the LTA Vehicle.ceveveereneenes 23
R ' 10. Schematic of the Gondola-Hull JunctioN.ciivsassencorsssessones 25

11. Allowable Roughness Height for the LTA Vehicle.ivivieeenoesses 31

i

ST e L G ek gyt B R IR P St




NADC-80144-60

} LIST OF TABLES
| TABLE

PAGE
1. Hull Drag Estimates for Specified Flow ConditionS.ceessevevans 22

2. Fin Drag Estimates for Two Fin Configurations...ceeecseeseces, 24
3. Gondo]a Drag Est‘mates...l..llll...C.lll.lr.tt."..l..llil.ll. 27

4, LTA Vehicle Total Drag Estimates.iceieavecensecrarassansaannsss 28

iv

s —
o\

s vy s o e




v

NADC~80144~60

1.  INTRODUCTION

The United States Navy sponsored a program to develop a high altitude
Lighter-Than-Afr (LTA) vehicle 1n recent years with a vehicle denoted as
HASPA (High Altitude Superpressured Powered Aerostat). HASPA was de-
signed, fabricated, and tested in two flight tests 1in the period from
1974 through early 1976 {Scales and McComas, 1977). These flight tes.s
were plagued with problems related to structural failure of the hull
material. Field operations were terminated in August 1976 as a result
of these problems and a material improvement program was initiated. In
addition, a review of the wind speed/frequency distributions at the pro-
posed operational altitudes indicated that the design speed capability
of HASPA was not sufficient to maintain station throughout the year, and
therefore, low drag hull studies were initiated.

- One such study, which is documented {in Mancy and Hookway (1979), inves-

tigated the use of laminar flow control for the High Altitude Surveil-
Tance Platform for Over-The-Horizon Targeting (HI-SPOT) vehicle. This
study ddentified the endurance and relative wind speed advantages in-
herent 1n a pressure gradient stabilized laminar flow hull, however, it
did not address the practical difficulties of utilizing this laminar
flow control technique for this mission.

The primary objective of the present study was to investigate the feasi-
bility of applying laminar boundary-layer control with body shaping
(pressure gradient) to an LTA vehicle. In particular, this investiga-
tion includes an assessment of the effects of solar radiation on the
ability to maintain laminar boundary-layer flow on a vehicle hull, and
identifies the surface finish requirements and other constraints which
must be met in the design of a laminar flow vehicle.

- e e
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The operational conditions which impact on the design considerations of
the LTA Vehicle are presented and discussed in Section 2. A laminar
flow vehicle design is selected in Section 3 based on an advanced sub-
mersible configuration which has been successfully tested in a similar
j Reynolds number regime. Boundary-layer stability calculations are pre-
: sented in this section which demonstrate that this vehicle configuration
is an adequate design when the vehicle surface temperature {s maintained
at an adfabatic condition, such as during nighttime operation. A ther- 1l
modynamic analysis of the effect of daytime solar radiation on the sur- QQ
face temperature of the hull and the associated effect of the heated 5:
surface on the laminar boundary-layer stability are discussed in Sec- ;ﬁ
tion 4. Drag estimates of the various LTA Vehicle components along with e
estimates of operational shaft horsepower levels, including comparisons
with the HI-SPOT Vehicle, are presented in Section 5. Vehicle design
considerations pertinent to laminar flow control are presented in Sec-
tion 6, and a summary of the feasibility of utilizing laminar flow con-

Bl trol on a high altitude LTA Vehicle, ‘together with future recommenda-~

i tions are presented in Section 7.
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2. DESIGN CONDITIONS FOR AN OPERATIONAL LTA VEHICLE

The LTA Vehicle of interest in the present study is intended to operate
at altitudes between 55,000 feet and 70,000 feet and maintain station
within a 50 nautical mile radius in winds up to speeds of 100 knots.
Presented in Figure 1 are the wind speed/frequency distributions, ob- 4
tatned from Marcy and Hookway (1979), for two proposed operating loca- ?
tions; Keflavik, Iceland and Iraklion, Crete. These wind speed/fre-
quency distributions are for the winter season of the year during which
the wind speed magnitudes are largest. The altitudes of 55,000 feet and
70,000 feet represent the altitudes of minimum wind speed for these
winter distributions at the two proposed operating locations. The wind
speed at an altftude of 55,000 feet (nominal pressure of 100 mb) {s
below 79 knots 95 percent of the time, and the wind speed for an alti-
i tude of 70,000 feet (nominal pressure of 50 mb) 1s below 46 knots 95
%} : percent of the time. Based on the above and additional information
ﬁ (Greenhaigh, 1980), a point design condition to maintain station corres-
i ponding to a relative wind speed of 80 knots and an altitude of 55,000
4 feet was chosen., The 80 knot wind speed {s exceeded Tess than 4 percent
of the time throughout the year, and therefore a vehicle designed to
relative speeds of 80 knots should be able to maintain station under all

but the most extreme wind conditions at these two proposed operating
locations.,
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A family of curves showing unit Reynolds number, U_/v as a function of
vehicle relative speed, U., and operational altitude, H, is presented in
Figure 2. This figure shows the strong influence of altitude variations
{ , on the unit Reynolds number. The laminar flow for a fixed vehicle shape

is more stable at the lower unit Reynolds numbers, which result at the
3 : higher altitudes. By operating at the higher altitudes, 70,000 feet

versus 55,000 feet, two beneficial effects occur which may reduce pro- i
pulsfon power requirements.” : :
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‘ * The only possible exception to this is if the wind speeds increase ”
X appreciably at the higher altitudes. :
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e The air density decreases by about a factor of 2 between 55,000 ;
feat and 70,000 feet altitudes, and therefore the dynamic pres- !
sure will be reduced (for fixed velocity) and result in lower \;
vehicle drag. §

@ The unit Reynolds number is lower at the higher altitude (for :
fixed velocity) and, therefore, a vehicle meeting laminar flow - ;
requirements {s easier to design.

The solid symbol shown in Figure 2 shows the unit Reynolds number for 3
the point design condition (speed of 80 knots and altitude of 55,000 g
feet.) i@
:
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3.  LAMINAR FLOW LTA VEHICLE DESIGN

The application of passive (body shaping) state-of-the-art laminar flow
technology to an LTA Vehicle has been performed for an adiabatic” ve-
hicle at a freestream speed of 80 knots and an altitude of 55,000 feet.

The geometry and corresponding pressure distribution for the vehicle
that has been applied to this mission is presented in Figure 3. This
vehicle has a length of about 350 feet, a maximum diameter of about 85
feet, and a volume of 800,000 cubic feet. A favorable pressure gradient
extends to an axial length of about 175 feet. This favorable pressure
gradient provides the stabilizing mechanism by which laminar flow is
maintained. The distance to which laminar flow is maintained is basi-
cally a function of the arc-length Reynolds numher for a fixed favorable
pressure gradient distribution. The configuration of the vehicle shown
in Figure 3 1is based on Vehicle B-1 which was designed as a submersible
research vehicle (Hunt, 1977 and Haigh, Warner and Ozgur, 1980). This
vehicle shape was chosen for application to the LTA Vehicle mission, *
since the maximum theoretical Reynolds number, for which laminar flow :
can be obtained with Vehicle B-1, 1s fairly similar to the operational {
Reynolds number requirement of the LTA Vehicle. j

Baseline boundary-layer stabi]ity** calculations were performed for this
vehicle at adiabatic conditions using the TAPS Code (Gentry and Wazzan, :
1976). The boundary-layer stability analysis contained in the TAPS Code |
: is based upon a small disturbance l1inear theory, and it has been shown
‘ by Smith and Gamberoni (1956) and Jaffe, Okamura and Smith (1970) that

* The effect of surface heating resulting from solar radiation, on
laminar flow stability is discussed in Section 4 of this report.

PRSI S T

r’ ** The term stability (or stabilized) refers to the stability of the
2 laminar flow, not vehicle control stability, unless otherwise
specified. '
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transitfon usually occurs when theoretical amplification ratios reach a
level of about e?." The ¢ transition criterion 15 the most widely
accepted transition prediction technique used in the laminar flow design
community at the present time and has been used in this current study.

Boundary-layer stability results are presented in terms of the amplifi-
cation of disturbances at particular frequencies. The term disturbance
frequency, as used in the context of small disturbance linear theory,
refers to the receptivity of the boundary-layer stability to distur-
bances of certain frequencies. Disturbance frequencies outside this
range theoretically should not cause adverse effects on the laminar
flow. The practical implication of this is that mechanical systems such
as motors and propellers should be designed such that the vibrational
frequencies of these systems fall outside the receptivity range of the
boundary layer.

Boundary-layer stability results for the adjabatic LTA Vehicle are pre-
sented in Figure 4 for an altitude of 55,000 feet and a freestream speed
of €0 knots. The nondimensional disturbance frequencies** that are
amplified range from w=0,111x10"% (31 Hz) to w-Q.402x10'4 (113 Hz). The
frequency that' shows amplification farthest upstream on the vehicle hull
is w-0.402x10'4; this amplification starts at an arc-length location of
about 15 feet. The maximum amplification ratio is e/’ cnarresponding to
a disturbance frequency w=0,185x10"4 (52 Hz); this occurs at an arc-
Tength location of about 140 feet. The maximum amplification ratio for

* Actually, the magnitucde of the exponent represents an empirically de-
rived averaged value based on correlations performed between theory
and transition experiments. From these correlations the exponent
varied from 8 to 12 with 9 being an average value.

** The corresponding dimensional frequencies, ' are given in the

paren}Se es, The nondimensional frequencies, w ure defined as
wxw' v/ g

-




ot Y T T T A el § TN T
NG [ VY, TR AL A T T ;

*Su0131puo) D11eqeLPY 1B 3[DLY3A Y11 PAIIALIS 2y U0 S1{NsAY A1 11qeIS J3kel-Arepunog  “p 2anbiy

(1934) s*yibuag-day
081 091 ovt . 021

001 08 09 o 0z o 3 |
(zn 18) 10— ! —— ! —— \&\ ,
(zH £11) 200°0 —— _ \ . |
‘ . 12 .
_ ‘ i

. i

(zn 28) 162°0 \ — — N ]l
yd c ..

(vivuy . |

(zu 6t) SL1°0 < otiey 1
I'\ uorzednytduy B
(zH 2¥) osl°0 19

10

NADC-80144~60

{ZH 65) 11270 —x

(2 9p) S9U0 . |

(mm 95) o0zre —~ 7 18
(zH 25) S81°0 :
T - .

»w:w:vu..w Sjowi 08 = N ._

{ PUOL SUSW1 pUON 1324 000°G5 = 9PNILIIV ot 4

=

4

|




e —— —— -t R e A Gl {URSIE e B

NADC-80144-60

the design condition is below the e® transition criterion level, there-
fore laminar flow should be sustained to the location of 1aminar separa-
tion assuming adiabatic conditions on the vehicle and that the surface
finish meets or is below the allowable 11m1ts.* and neglecting any ext-
ernal disturbance such as freestream turbulence.

Freestream turbulence levels at the proposed operational altitudes of
the LTA Vehicle were not available for this current study. The free-
stream turbulence levels at these altitudes are believed to be very low,
and thus, their effects were neglected. If quantitative freestream tur-
bulence data are available, their effects on vehicle laminar flow can be
assessed using the e" stability technique of Mack (1977).

* These effects are addressed in Section 6.
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4. BOUNDARY-LAYER ANALYSIS INCLUDING SOLAR RADIATION

Part of the mission requirements for the LTA Vehicle 1s that the vehicle
operate both day and night for a nominal 30-day period. During the day-
time, the radiation from the sun will heat the surface” of the LTA
Vehicle. The equilibrium surface temperature of the vehicle will be
primarily a function of the solar radiation intensity, and the material
characteristics of the surface. The surface temperature of the LTA
Vehicle has been estimated using a thermal equilibrium model. This
model 1s based on a steady-state net heat-flux balance for the heate<
portion of the vehicle surface and consists of solar radiation absorbed
by the surface.** radiation emitted from the surface and forced convec-
tion associated with a laminar boundary-layer flow over the vehicle sur-
face up to laminar separation. Other thermodynamic effects such as
shell conduction, 1internal radiation, and upward radiation from the
earth surface have beern neglected in this model.

This equilibrium heat flux model is represented below in Equation 1.

et * Yab = 9rad = 9con (1)

* The effect of surface heating, in air, on laminar flow stability was
investigated by Liepmann and Fila (1947); their results showed that
surface heating was destabilizing to a laminar boundary layer.

** The effect of vehicle geometry has not been included in the assess-

ment of solar radiation normal to the surface, therefore, the final
equilibrium temperature will be an upper bound estimate.

12
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where
Qap ™ Heat flux absorbed by surface; aGg
Qeaq * Heat flux radiated from surface; cot?

Qeon ™ Heat flux removed from surface by forced convection; f(T,c¢)

and
T = S*eauv.state vehicle surface temperature; °R
ce = Loc.® skin friction coefficient
a. = Absorptivity of the vehicle surface material
Gg = Solar radfation, 400 Btu/hr-ft2*
e = Emissivity of the blimp surface material

g = Stefan-Boltzmann constant; 1.714 x 10~9 Btu/hr-ft2-°R4

The radiation terms of q,), and dpagq 2M€ functions of the material char-
acteristics of the LTA Vehicle hull. The material of the hull for this
heat flux analysis {is assumed to be very similar to that used for
weather balloons. The absorptivity of this material is o = 0.196™ and
{ts emissivity is ¢ = 0.640.""

An equilibrium temperature can be determined by prescribing a zero net
heat flux in Equation 1. An iterative scheme was developed to find the

* This value of solar radiation represents an estimate for an altitude
of 55,000 feec based on available exo-atmospheric and earth surface
data.

** These material specifications were obtained from Mr. Sam Greenhalgh
of NADC.
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-

equilibrium temperature of the LTA Vehicle surface since che skin fric-
tion distribution was not known a priori, This {terative scheme “in-
volved performing a boundary-layer computation with an initial guess of
the temperature distribution over the vehicle surface as input. The
TAPS boundary-layer output provided the convective heat flux distribu-
tion over the surface. This distribution of q.,, was then inserted into
Equation 1 to check 1f a net heat flux of zero was established. For a
resulting qn.y different from zero, a revised estimate of the tempera-
ture distribution was made based on the trend of the earlier results and
the above steps were repeated. Convergence of Gnet to nearly zero was
usually obtained within two to three {terations. The computed wall
overheat distribution for the LTA Vehicle based on the equilibrium model
ifs shown in Figure 5 for an altitude of 55,000 feet and a freestream
speed of 80 knots. The surface overheat rapidiy increases from zero In
the nose region and approaches a value of T,-T, of about 1009F at a
vehicle arc-length location of about 190 feet. This final temperature
distribution which satisfied the equilibrium model was utilized to ob-
tain the pertinent boundary-layer parameters, which were used to deter-
mine the stability of the heated laminar boundary layer.

The location of boundary-layer transition from laminar to turbulent flow
for the heated LTA Vehicle was estimated using a boundary-layer shape
factor’ correlation with e® stability theo:;. The shape factor, H, is
defined as the ratio of boundary-layer displacement thickness, 6*, to
boundary layer momentum thickness, 6., Presented in Figure 6 15 the
shape factor distribution for the LTA Vehicle that resulted from the
equiiibrium temperature distribution input to the TAPS boundary-layer

t The boundary-layer velocity and temperature profiles for the heated
LTA Vehicle were altered to such a degree that the prcfiles were
beyond the analysis range of the TAPS stability code. Consequently,
the e” stability technique for estimating the location of boundary-
layer transition could not be utilized for this heated case.

14
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7 LTA Vehicle
107 jo— _Boundary-Layer
- Shape Factor
: A
= Shape Factor o
. Correlation with e
Reynolds |-
Number Turbulent Flow
6 \
10 » Laminar \
= Flow \
= Dashed Portion
s {s an
. Extrapolation
Altitude =55,000 Feet
B U, =80 Knots
10° 1 1 ! N J
2.5 2.6 2.7 2.8 2.9 3.0

Shape Factor, H

Figure 6. Boundary-Layer Shape Factor Variation for the LTA Vehicle
Including Effects of Solar Radiation.
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code, Also presented in Figure 6 is a curve which represents a correla-
tion of shape factor as a function of arc-length Reynolds number that
yields spatial amplification ratios of e (smith, Wazzan and Hsu,
1977). The intersection of these two curves indicates the value of the
shape factor at which the amplification ratic of small disturbances
should reach e9; this occurs at a shape factor value of approximately
2.8. The dashed portion of the shape factor ‘correlation curve is an
extrapolation of the correlation to lower Reynolds numbers, therefore to
provide a conservative transition criterion, a shape factor of 2.9 was
used to determine the transition location in the heated region of the
forebody hull. The shape factor of 2.9 at the design conditions cor-
responds to an arc-length transition location of about 21 feet aft of
the vehicle nose in the heated region, This turbulent region induced by

surface heating 1s restricted to the portion of the vehicle surface
exposed to solar radiation.

An end view schematic of the vehicle hull showing the incoming solar
radiation 1s shown in Figure 7; in this figure the angle 8 is the 1n-
cluded angle of the turbulent region resulting from surface heating.

Note that the solar radiation normal to the surface decreases as a func-
tion of cos(6/2).
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RN R RRER

Laminar Region

Quter Skin of the Hull

Figure 7, End View Schematic of Vehicle Showing Turbulent and
Laminar Flow Regions.
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5. LTA VEHICLE DRAG ESTIMATES

The vehicle drag estimates presented in this section include contribu-
tions from hull drag (utilizing an existing laminar flow configuration)},
fin drag, gondola drag, and interference and support wire drag. Total
drag coefficients for the LTA Vehicle are presented for several flow
conditions over the vehicle surface and, in additien, shaft horsepower
comparisons are made between the nominal daytime estimated drag of the

LTA Vehicle and the previous HI-SPOT drag estimates of Marcy and Hookway
(1979).

8.1 Hull Drag Estimates

Hull drag estimates have been made for three separate boundary-layer
flow conditions. These three conditions include laminar flow over the
entire forebody up to the location of laminar separation (arc-length of
195 feet), turbulent flow over the entire vehicle hull, and a mixed flow
condition which provides what is termed a nominal daytime hull drag es-
timate. This last flow condition accounts for the destabilizing influ-
ence of solar ‘neating of the LTA Vehicle surface and the associated drag
increase of the hull as a result of laminar flow breakdown in the heated

region. The first two fiow conditions represent lower and upper bound

drag estimates for the LTA Vehicle hull. The local skin friction c¢o~

efficients from these two flow conditions are utiiized in determining

the hull drag for the third nominal daytime flow condition (see
Appendix A). ’
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The nominal daytime flow condition considered in this section for drag
analysis consists of an assumed turbulent region with an included angle,
8 of 120 degrees. The normal heat flux inte the vehicle surface for B8/2
equal to 50 degrees is one half of that of the incoming normal solar
radiation and decreases rapidly for 8/2 > 60 degrees.* In addition to
the turbulent region resulting from surface heating, an additional tur-
bulent area, resulting from turbulent spreading, must be considered. A
two-dimensional schematic of the turbulent area resulting from surface
heating and turbulent spreading angles, 6 of 10 degrees** are présented
in Figure 8. |

The total drag coefficient for the LTA Vehicle hull including the
effects of solar radiation is obtained from Equation 2,
D, +D
CD - % t H (2)
1/2 o U2 v&/3

where D, 1is the hull drag contribution resulting from the region of
laminar flow, and Dy is the hull drag contribution resulting from the
turbulent flow region. The corresponding units for the terms in Equa-
tion 2 are D, and Dy in 1bs, p, in slugs per cubic feet, U, in feet per
second, and v2/3 (V = volume) in square feet., Additional details re-
lated to the determination of D, and D, are presented in Appendix A.
The hull drag results for the three specified flow conditions are pre-
sented in Table 1, for a relative vehicle speed of 80 knots.

* The value of B equal to 120 degrees is an estimate only of the inclu-
ded angle for the turbulent flow region. This value is believed to
be reasonable for performing representative vehicle drag calculations
during daytime operation. This estimate should be refined further in
future studies (see recommendations in Section 7).

** The included turbulent spreading angle of a turbulent wedge has been

measured on an axisymmetric body to be about 20 degrees (Warner and
Haigh, 1978).
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Table 1. Hull Drag Estimates for Specified Flow Conditions

Cp* Dra? Flow Conditions
(b
0.00642 144.7 Laminar flow to laminar separation
(nighttime)
0.01084 244.3 Nominal daytime estimate of hull drag
0.01770 399.1 Turbulent flow

5.2 Fin Drag Estimates

Fin drag estimates have been made for the two fin geometries presented
in Figure 9. The first configuration, fin 1, represents the fin geo-

“metry for the HI-SPOT Vehicle. The proposed stabilizing fins for the

HI-SPOT Vehicle consist of three fins each having a wetted area of 1813
£t2. The second configuration, fin 2, represents a laminar flow fin™*
currently used on a laminar flow submersible (Vehicle B-1) scaled up to
the LTA Vehicle size. The laminar flow fin configuration consists of
four fins each having a wetted area of 103§ f£2,

The drag of the fin 1 configuration consists of skin friction drag for
an assumed boundary-layer transition location corresponding to an arc-
length Reynolds number of about 5 x 105, The drag of the fin 2 config-
uyration consists of skin friction drag for boundary-layer transition oc-
curring at an arc-length Reynolds number of about 1.38 x 105, which 1is

* The drag coefficient is based on a reference ares of hull volume to
the 2/3 power.
** Laminar flow fins will probably have a weight penalty relative to HI-

i?OT type fins since surface rigidity must be maintained for laminar
OWI
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based on the minimum pressure location on the NACA 16-012 airfoil sec-
tion. The fin drag results for the two fin configurations are presented

in Table 2 for a freestream speed of 80 knots and an altitude of 55,000
fest,

Table 2. Fin Drag Estimates for Two Fin Configurations

Cp* Drag Fin Type
(1b)
0.001946 . 43.9 Fin 1 configuration (3 fins)
0.000864 19.5 Fin 2 configuration (4 fins)

5.3 Gondola Drag Estimates

It is assumed in this study that the required LTA Vehicle payload and
propulsion powerplant are carried in a gondola. Alternate powerplant
locations were considered in Marcy and Hookway (1979), but according to
their study the gondo1a location 1s preferred since this reduces struc-

tural complexities by placing the concentrated weight of the powerplant
close to the LTA Vehicle center of gravity.

The propeller diameter for the HI-SPOT Vehicle 1s about 23 feet, however
this is based on an optimistic vehicle drag estimate at a speed of 80
knots (as vehicle drag increases, propeller diameter usually increases),
therefore, for gondola sizing a propeller diameter of 25 feet fis
assumed. Presented in Figure 10 1s a schematic of the gondola-hull
junction for a propeller diameter of 25 feet. The gondola size 1s basi-
cally a function of propeller diameter and required width., The HASPA

* The drag coefficient is based on a reference area of hull volume to
the 2/3 power. ‘
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LTA Vehicle Surface

(NACA 664-021)

~

ondola

Propeller

Figure 10, Schematic of the Gondola-Hull Junction.




NADC~80144-60

gondola (Scales and McComas, 1977), consisted of ‘a width of about 3.5
feat, which will be utilized for this current study to size the gondola
for the LTA Vehicle. The gondola shown in Figure 10 has a chord length
of 16.7 feet, an average depth of about 14 feet, and a width of 3.5
feet. The airfoil section selected for the gondola consists of a NACA
664-021 section.

The drag of this gondola has been estimated using two 7ndependent
approaches. The first is based on data presented {n Hoerner (1965) for
gondola shapes and the second is based on the section drag coefficients
for the NACA 664-021 airfoil section, Abbott and Doenhoff (1959). In-
formation presented 1in Hoerner shows that the gondola drag coefficient
for an aerodynamically clean configuration (based on gondola frontal
area) 1s about 0.1.% The section drag coefficient (based on planform
area) for the NACA 66,4-021 airfoil section 1s about 0.0055 for a gondola
chord Reynolds number of about 2.2 x 108, The gondola drag results are
presented in Table 3 for a freestream speed of 80 knots and an altitude
of 55,000 feet for both calculational approches.

* Results in Hoerner show gondola drag coefficients as high as 0.6 but
these values are for non-streamlined aerodynamic configurations.




|
|
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Table 3. Gondola Drag Estimates

Cp* Dra? Comments
(1b
0.000792 17.9 Hoerner estimate for aerodynamically

clean configuration.

0.000160 3.6 Estimate from Abbott and Doenhoff,
NACA 664-021 airfoll.

The substantial difference 1in these two gondola drag estimates is
believed to be primarily a result of Hoerner's estimate including inter-
ference drag, whereas the airfoil data does not 1include this effect.
These differences are not significant to the total vehicle drag esti-

mates, since the gondola drag is a small percentage of the total vehicle
drag (see results in Table 4 of Section 5.5).

§.4 Interference and Support Wire Drag Estimates

The interference drag of subsonic, propeller-driven airplanes is usually
assumed to be' about 5 percent of the wetted area drag of the airplane
{Roskam, 1971). The interference drag of the LTA Vehicle is probably
less than the standard 5 percent factor (3 percent to 4 percent factor
is probably representative) since the ratio of interference area**d1v1~

ded by total surface area is less for the LTA Vehicle than it is for a
standard propeller-driven airplane.

* The drag coefficient is based on a reference area of hull volume to
the 2/3 power.

** The interference area-is the summation of the intersection areas
of wings and appendages on the fuselage or hull.
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Details of wire support and suspension structures wére not available for l;
: this study, but information presented in Scales and McComas (1977) sug- iﬁ
i gest that the support wire drag is about 1 percent of the total skin ;
1 friction drag of the vehicle. Therefore, a factor of 5 percent that _ &
}} accounts for both interference drag and support wire drag will be used 3
51 in making total drag estimates for the LTA Vehicle.

i

5.5 Total Drag Estimates for the LTA Vehicle

BRI €T

EAITEL T
B3

The total drag estimates for the LTA Vehicle consist of a summation of ! g
the drag of the various components documented in Section 5.1 through L3
5.4, Low, high, and nominal daytime estimates of the total drag values , ;

for the LTA Vehicle are presented in Table 4 for a freestream speed of
80 knots and an altitude of 55,000 feet.

St T e
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Table 4., LTA Vehicle Total Drag Estimates

)
i
I
}
|
|

Cp* ' Drag Comments .
(1b) 1
0.0078 176, Low Drag Estimate: laminar flow to )

Yaminar separation on hull, Jaminar
flow fins (fin 2) and low drag gon-
dola. 3

0.0136 306. Nominal Daytime Drag Estimate: hull

viscous drag includes solar heating y

effects, turbulent flow fins (fin
1), and low drag gondola.

0.0215 484, High Drag Estimate: hull viscous
drag turbulent, turbulent flow fins
(fin 1), and turbulent flow gondola.

* The drag coefficient is based on a reference area of hull volume to

. the 2/3 puwer. :
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The estimated shaft horsepower requirements for the LTA and HI-SPOT @
VYehicles are 89 hp and 50 hp, respectively, for a propulsion efficiency,
"p of 0.85. These shaft horsepower levels are based on an operational
altitude of 55,000 feet and a freestream speed of 80 knots. ' The shaft
horsepower requirement for the LTA Vehicle is based on the nominal day- ;
time drag estimate while the shaft horsepower estimate for the HI-SPOT !{
¢ Vehicle was obtained from Marcy and Hookway (1979)., The estimated shaft
horsepower for the HI-SPOT Vehicle 1s very coptimistic; for example, a
shaft horsepower of about 50 hp is required for the LTA Vehicle {if the
forebody of the hull is completely laminar (no destabiiized regions re-
sulting from solar radiation) and if laminar flow fins and a low drag
gondola are utilized,

1

P

Reductions in the estimated shaft horsepower for the LTA Vehicle could
probably be attained it a parametric design study was performed utili-
2ing low drag technology for the véhicle fins and gondola. However,
values as low as 50 SHP would not be obtained for a passive stabilized
hull based on the surface heating results presented in Section 4, It is
important to note, that even with the results of solar radfation ac-
counted for, a considerable reduction 1in shaft horsepower can be
attained relative to a turbulent hull configuration. The required shaft
hersepower for a turbulent hull with a propulsion efficiency of 0.85
ranges between 129 hp to 140 hp depending on the 7in and gondola confi-
gurations, whereas the shaft horsepower for the daytime operation of the

LTA Yehicle 1s only 89 hp.
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6. VEHICLE DESIGN CONSIDERATIONS

Thera are saveral practical constraints to consider in the design of a
Taminar flow LTA Vehicle. The vehicle skin must be sufficiently rigid
and the surface finish must meet certain allowable roughness and wavi-
ness criteria, In addition, support cables and external structures
should not be used in the laminar flcw portion of the hull.

The allowable roughness height as a function of vehicle arc-length can
be estimated based on a conservative roughness Reynolds number criterion
established by Smith and Clutter (1957). This criterion consists' of
correlations between transition experiments involving roughness elements
and theoretical calculations of a roughness Reynolds number based on
these experimental data. The relevart roughness Reynolds number {s de-
fined as

% | (3
Re, 8 e 3
k Yk
where:

k 1s the height of the roughness element

u, is the fluid speed at the top of the roughness element
and

vk Is the kinematic viscosity at the height k

The results of the Smith and Clutter correlation of Equation 3 with
experimental data have shown that if Re, & 25, laminar flow 1is not
affected by the roughness element(s). The allowable roughness heights
for the adiabatic and heated LTA Vehicle are presented in Figure 11 as a
function of vehicle arc-length. The allowable roughness heights for the
heated boundary layer range from abour 20 mils 1in the nose region to
about 45 mils at a vehicle arc-length of 175 feet. The corresponding
allowable roughness heights for the adiabatic boundary layer range from
about 18 mils to 35 mils, Therefore, if the rms surface finish is main-
tatned at or below these allowable roughness heights, distributed rough-
ness over the vehicle skin will not affect the laminar flow.
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The surface waviness criterion that has been applied to the present LTA
Vehicle is based on a data correlation by Carmichael (1959). This cri-
terion 1s presented in Equation 4, and has been cautiously used in the

design of laminar flow submersibles.

h,[ 59000 ¢ ]1/2 (@)

A(R,)

In this formulation, h 15 the allowable wave amplitude for a given wave-
length, A, ¢ is the wing chord, and R, 1s the chord Reynolds number,
This correlation was obtained from waves placed on laminar flow wings.
The boundary-layer flow on these wings was stabilized using boundary-
layer control by suction with laminar flow obtained over the full
chord. A critical wave was defined as the minimum size wave which pre-
vented the attainment of laminar flow to the trailing edge with moderate
suction levels. Since ¢ fin this expression represents the maximum
length of laminar flow, for the present purposes c is interpreted to re-
present the arc-length from the nose of the vehicle to the laminar sepa-
ration location.

The allowable surface waviness heights for the LTA Vehicle at a vehicle
speed of 80 knots and an altitude of 55,000 feet, are 33 mils for a X of
1 inch and 114 mils for a A of 1 foot. The allowable surface waviness
heights as obtained from Equation (4) are independent of location on the
body surface. In general, 1t is believed that allowable waviness
heights should be a function of location on the vehicle surface. This
factor, together with the limited test parameter variations in the pre-
vious tests, demonstrates the need for additional effort in this wavi-
ness criterion area.”

* An experimental investigation of laminar flow breakdown resulting from
surface waviness on an axisymmetric body {s currently being planned at
the Naval Ocean Systems Center (Ladd, 1980). The results from this
experiment, when available, should be reviewed and compared with Equa-
tion (4) since this data correlation was developed from 1imited
transition test data.
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In summary, the LTA Vehicle design should meet the following specifica-

tions in order to ensure that laminar flow {is maintained on the forebody
hull:

o Support wires and external structures should be placed in the
turbulent flow region on the vehicle.

¢ The surface skin should be rigid and should not flutter or vi-
brate during operation.

e The rms surface roughness height should not exceed 18 mils in
the nose region.

e Surface waviness heights should not exceed 33 mils for a 1 inch
wavelength and 114 mils for a 1 foot wavelength.
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7. SUMMARY AND RECOMMENDATIONS

The feasibility of applying laminar boundary-layer control to an LTA
Yehicle has been assessed including the effect of solar radfation on the
laminar flow. The investigation of the effect of solar-radiation-in-
duced surface heating on the stability of the laminar flow has shown
that surface heating {s destabilizing and causes the laminar flow to
break down on regions of the vehicle surface exposed to high levels of
solar radiation. Aerodynamic¢ drag estimates for the LTA Vehicle, 1n¢lu-
ding the effects of solar radiation, have.shown that a substantial re-
duction in drag can be achieved relative to a conventional turbulent
configuration. A realistic drag reduction factor of about 1.6 can be
obtained with a laminar flow LTA Vehicle during daytime operation, with
the factor approaching 2.4 during night operations.

This current study has addressed the feasibility of maintaining laminar
flow on an LTA Vehicle, using a laminar flow submersible configuration
(Vehicle B-1) for this assessment. This particular vehicle design, how=-
ever, is not neceséar11y the optimal configuration for the LTA Vehicle

mission since optimal design configuration studies were not part of this
investigation. ' '

The practical difficulties associated with utilizing laminar flow corn-
trol on the high altitude LTA Vehicle have been investigated., These
results show that, if the surface waviness and roughness criteria can be
satisfied for this application, a laminar flow LTA Vehicle can be de-
signed. Recommendations which will lead to a firmer technical founda-

tion for the application of laminar flow control to a high altitude LTA
Vehicle are presented below:

¢ Refine the solar radiation model accounting for heat flux varia-

tions as a function of vehicle geometry, and reassess the bound-
ary-layer flow over the vehicle,

34
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o Perform optimal design chnfiguration studies for the hull using ?%
existing inverse design methods ({.e., computations of vehicle
geometries corresponding to selected pressure distributions). -

¢ Perform vehicle endurance calculations based on vehicle drag
estimates for both day and night operations and wind speed i
variations throughout the year. ‘

¢ Review current waviness criteria and.¢he1r application to the
LTA Vehicle mission and also investigate surface waviness which
could result from aerodynamic loading of the LTA Vehicle skin.

o Perform a coupled analysis of the heat destabilized region
investigating the possibility of re-laminar{zation since turbu-

?ﬁ lent boundary-layer flow will reduce the vehicle surface over-

| heat by a factor between 5 and 7.

| ‘

¢ Review state-of-the-art materfals and coatings such as those

used 1n space-craft operations to minimize the ag/c ratio of the
exposed surface.

o Investigate complementary concepts for reducing vehicle drag
such as an integrated propulsion and vehicle control system
which would allow the removal of the vehicle fins or a reduction

] in their size.
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APPENDIX A. MIXED FLOW DRAG ANALYSIS METHOD

The skin friction drag of an axisymmetric vehicle can be obtained by the
integration of the local skin friction coefficient, cy over the vehicle
surface. Presented in Figure Al 1s an end view of an axisymmetric ve-
hicle showing turbulent and laminar flow regions (confined within the
: angular regions 8 and a, respectively) corresponding to a region of heat
; destabilized flow on the LTA Vehicle. Information presented in Section ;
' 4 showed that the turbulent region spreads laterally with distance aft, ;
% therefore, the angles o and 8 are functions of the vehicle arc-length.
!

|

v B S A

The drag equation for the laminar flow portion of the vehicle is pre- }
sented in Equation Al. :

?,} D, =5 92 Anog Cpg (AL)

In this equation the total skin friction coefficient is

8 ef 2
i - 1 0 ue e d (Az)
;= M o ®r To\u,) 40
; 0 7,

! i
and , i

8y is the starting angle of the laminar flow region (radians)

Al o

B¢ is the finishing angle of the laminar flow region (radians)
Cgy 1s the local laminar skin friction coefficient
ro 1s the local body radius (feet)

Ug is the edge velocity of the boundary layer (feet per second)

U {5 the freestream speed (feet per second)

e AL e i LS it St S i’ e i B 1 3 =

Are¢ s the reference area, usually vehicle volume to the 2/3 power
{square feet)

Poo is the fluid density (slugs per cubic feet). $

A=)
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Figure Al. End View Schematic of Vehicle Hull Showing
' Laminar and Turbulent Flow Regions.
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Integration of the 8 integral of Equation A2 yields:

L8 U2
Cry .rt._.?f (84-0,) Cqy 1y (uf) ds . (A3)
0

Since a is the included angle of the laminar region, {.e., a = ef-e1.
then Cp, can be written as shown in Equation (A4).

LS u\2
Cop = ol aCp r [=2) dS (A4)
T fa o\u
ref 0 “

Likewise, Cpy (the total turbulent skin friction coefficient) can be
written as,

te U2
Cop ® o 8 ce P (2] dS {AB)
Ft I;;; ft o\U, '
tr
where te and tr are the arc-length locations associated with the trail-

ing edge of the vehicle and the boundary-layer transition location, res-
pectively.

The skin friction drag from the laminar turbulent regions are then

s y 2
@
DR. " q, A"f ch = q, / a(cfz) fo(-u:) ds (A6)
0
and
te U \2
e
Dt = q, Aref th = q, f ] (Cft) f‘o (E-—) ds (A7)
. "tr ‘
where

Qu * 5 Pul
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The total drag of the vehicle 1s D, + Dt' and substituting 2r - a for 8
the total drag can be written as

e ¢
Deota1™dm | 27 f (cgy) ’o('u':) ds + 20 f (Cqy) "o('u:) 4 +

0 tr
LS u\2 te 2 (A8)
e e
tr _ (13
where
i § s the a vehicle arc-length dimension (feet),
f tr  {s the arc-length location of transition from laminar to tur-
i ' bulent flow (feet),

H is is the arc-length location of laminar separation (feet),

and

| te {s the tota)l arc-length of the vehicle from the nose to the
! trailing edge (feet).

Total drag estirvates for mixed viscous flow over an axisymmetric can be
obtained from Equation (A8) once a and the local laminar and turbulent
skin friction coefficient distributions are known as a function of arc-
length. For the LTA Vehicle, local skin friction coefficients were ob-
tained from the TAPS Code. Two separate runs were performed with the
code, the first for laminar flow to laminar separation and the second
for the flow tripped at S = 21 feet (based on the results presented in
Section 4). The total drag of the vehicle hull was obtained from Equa-

tion A8, for B = 120 degrees and for a turbulent growth angle of 10
degrees,
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